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1.  Introduction
Garnet is an important mineral constituent of the deep continental crust, subducted oceanic crust, and upper 
mantle where garnet-bearing granulites, eclogites, peridotites, and pyroxenites are present. Studies on natural 
samples have shown that garnet often contains some structural OH groups ranging from several tens to thousands 
of ppm H2O (Aines & Rossman, 1984; Bell & Rossman, 1992; Langer et al., 1993; Matsyuk et al., 1998; Ross-
man & Aines, 1991; Sheng et al., 2007; Xia et al., 2005). Therefore, garnet is important in understanding Earth's 
water budget. Laboratory experiments are crucial in assessing the incorporation of OH in garnet and its relation to 
factors such as pressure, temperature, fO2, and chemical composition. However, very few experiments have been 
performed for garnet, and the rare available work (Lu & Keppler, 1997; Mookherjee & Karato, 2010; Withers 
et al., 1998) only assessed the effects of pressure and temperature on OH solubility.

fO2 is a critical factor in describing Earth's redox sate. It controls the valence state and speciation of key elements 
(e.g., H and Fe), the physicochemical nature of minerals and the style of interactions between different regions in 
the Earth and between Earth's interior and exterior. fO2 is strongly variable in the Earth, both spatially and tempo-
rally. Relative to the fayalite-magnetite-quartz (FMQ) buffer, fO2 is about FMQ − 2 to FMQ + 5 in the crust, FMQ 
− 1 to FMQ + 1 in the shallow mantle and FMQ − 4 to even more reduced below ∼100–150 km depth, and the 

Abstract  Garnet, an important mineral component in Earth's interior, usually contains minor water 
as structural OH, but experimental data on OH incorporation in the mineral as a function of chemical and 
thermodynamic parameters remain rare. In particular, the role of oxygen fugacity (fO2) that is variable in the 
Earth has not been well assessed. We examine the effects of fO2 on the incorporation of OH at 1–3 GPa and 
800–1000°C, by H-annealing gem-quality spessartine-rich, grossular-rich, and pyrope-rich garnets. For each 
type of annealed garnet, the OH peak positions and spectral shapes are the same, suggesting the same OH 
incorporation mechanism(s). Under identical conditions, spessartine-rich and grossular-rich garnets are rich in 
OH, with solubility orders of magnitudes greater than for pyrope-rich garnets. Over the studied conditions, the 
solubility of OH increases with pressure and temperature but decreases with fO2. The negative correlation of 
fO2 and OH solubility is probably due to the Fe 3+ to Fe 2+ reduction at more reduced conditions and the coupled 
OH incorporation in the structure. The effects of fO2 on OH solubility are more significant in Fe-rich garnets. 
The ascertained small OH solubility in peridotite garnets, together with comparisons with relevant studies, 
suggest that mantle garnet is unlikely to be a major water carrier. In combination with literature-reported 
positive correlation of fO2 and OH solubility in olivine, the partition coefficient of OH between garnet and 
olivine in the upper mantle is expected to be redox-dependent.

Plain Language Summary  The water incorporation in garnet is examined over a range of 
pressure, temperature, oxygen fugacity, and mineral chemistry, by conducting hydroxylation experiments with 
gem-quality natural crystals. Infrared absorption bands of structural water are observed in all annealed samples, 
and the water solubility under otherwise identical conditions is significantly different between different types 
of garnets. The incorporation mechanism of water in garnet is affected by factors other than the commonly 
assumed hydrogarnet substitution, and appears to be influenced also by magnesium and iron in the structure. 
The water solubility is enhanced with decreasing oxygen fugacity, and the increase is more significant in more 
Fe-rich garnets. The smaller water solubility in pyropes than previous estimates and the similarly low water 
storage capacity in peridotite garnets further suggest that garnet is not a major water carrier in the mantle.
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mantle fO2 has evolved from reduced conditions as low as ∼FMQ − 6 at shallow depths before ∼4.0 Ga to more 
oxidized state today (Frost & McCammon, 2008; Goncharov et al., 2012; Stagno et al., 2013; Wood et al., 1990; 
Yang et al., 2014a). The OH storage in garnet may be affected by fO2, because it can change the relative propor-
tions of Fe 2+ and Fe 3+, thus the point-defect populations, and the relative partitioning of water between fluids 
(melts) and garnet. Significant and divergent effects of fO2 on OH solubility have been documented for rutile 
(Colasanti et al., 2011), labradorite (Mosenfelder et al., 2020; Yang, 2012), olivine (Yang, 2016), and pyroxenes 
(Liu & Yang, 2020). The impact of fO2 on OH incorporation in garnet should be characterized, however, this topic 
has not received much attention.

In this study, we examine the effects of fO2 on the incorporation of OH in garnet, by performing annealing exper-
iments at 1–3 GPa, 800–1,000°C. We use natural garnets (spessartine-rich, grossular-rich, and pyrope-rich), as 
well as a xenolith peridotite, as the starting materials. The annealing under otherwise identical conditions allows 
to put constraints on the incorporation mechanisms of OH in garnet and the OH solubility as a function of other 
factors. The data show that the OH solubility is enhanced under more reduced conditions, and the effects of fO2 
are more significant in Fe-rich garnets. In combination with relevant studies in available reports, the results are 
further applied to constrain the mantle water storage.

2.  Experimental and Analytical Methods
2.1.  Strategy

OH incorporation experiments at water-saturated conditions are usually regarded, for simplicity, as OH solubil-
ity experiments. Two approaches are often used. One is by growing mineral in a hydrous melt, obtained from 
a mixture of reagents (e.g., oxides) in stoichiometric proportions (experimental synthesis), and the other is by 
equilibrating natural or synthetic crystals with a hydrous fluid such as distilled water (experimental annealing). 
The latter has been widely applied to many minerals, for example, olivine (Bai & Kohlstedt, 1993; Kohlstedt 
et  al.,  1996; Mosenfelder et  al.,  2006; Yang,  2015,  2016; Yang et  al.,  2014b; Zhao et  al.,  2004), pyroxenes 
(Bromiley et al., 2004; Liu & Yang, 2020; Rauch & Keppler, 2002), garnet (Lu & Keppler, 1997; Mookherjee & 
Karato, 2010), feldspars (Behrens, 2021; Mosenfelder et al., 2020; Yang, 2012), quartz (Stalder et al., 2017), and 
rutile (Colasanti et al., 2011).

Both methods have advantages and disadvantages. The experimental synthesis can easily achieve equilibrium 
stoichiometry at run conditions. However, the grown grains are small, which is challenging for accurate water 
content analysis, and usually a very limited number of elements are added, for example, for the end-member 
mineral (note: the more elements added, the more complex the solid solutions and the more difficult the mineral 
growth). It is difficult to obtain minerals with major/minor elements matching those in terrestrial rocks, which 
affects OH incorporation (Berry et  al.,  2005; Rauch & Keppler,  2002; Tollan et  al.,  2018). The experimen-
tal annealing can produce larger crystals with major/minor elements typical of natural materials, although the 
equilibrium is hard to reach at run conditions. This method is particularly useful to assess the effects of fO2, 
pressure or temperature on the incorporation of OH. For those experiments, the mineral chemistry is maintained 
unchanged, and the net effect of other factor(s) over a range of conditions is addressed. Crystals with different 
chemistry within a given mineral group can be used, for example, similar to synthesized samples doped with 
different elements to assess the chemical effects on OH incorporation under otherwise similar conditions, and 
a general link of OH solubility with a factor in interest is modeled. Using this approach, reaction rims between 
studied crystals and surrounding materials (e.g., pressure media or silica buffer) may form, as shown previously 
(Kohlstedt et al., 1996; Mosenfelder et al., 2006; Yang, 2015). The rims in most cases do not reach full equi-
librium due to the sluggish exchange of Mg, Si or Fe, and are usually excluded from analysis. We use the latter 
approach for documenting the effects of fO2 on OH incorporation in garnet, which is close to the classified M2 
method in Tollan et al. (2018) by equilibrating crystal point defects with H.

2.2.  Starting Materials

The starting materials were natural gem-quality single crystals of garnet: an orange spessartine-rich crystal from 
Afghanistan (A6), a green grossular-rich crystal from Kenya (K2), a pink pyrope-rich crystal from Western 
Alps (D2) and several dark-red pyrope-rich crystals from Russia (U267 and U501). The garnets originated from 
the crust and mantle, but our results are unaffected, because the physicochemical properties of a mineral at 
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fixed pressure, temperature, and chemical composition are independent of its origin. For simplicity, we use the 
end-member terms spessartine, grossular, and pyrope to refer to these garnets, as often used in similar studies 
(Geiger & Rossman, 2018; Lu & Keppler, 1997; Mookherjee & Karato, 2010). The pyropes are from the well-stud-
ied Dora Maira samples (Geiger & Rossman, 2018) and Udachnaya peridotites (Doucet et al., 2013, 2014; Ionov 
et  al.,  2010). Pyrope U267 and U501 were extracted from two peridotite xenoliths hosted by the Udachnaya 
kimberlite in the central Siberian craton, equilibrated at 5.4 GPa and 1,200°C (∼FMQ − 2.7) and 4.8 GPa and 
880°C (∼FMQ − 2.9), respectively (Doucet et al., 2014; Ionov et al., 2010).

Starting crystals were 5–12 mm in size, except those from peridotites (0.5–1.5 mm). Kelyphite rims present on 
some peridotite garnets were removed by polishing. For each garnet, the crystals were chemically homogenous 
based on electron microprobe (EMP) analysis (Table 1). The initial OH content was 2,786 (A6), 1,192 (K2), 17 
(D2), 16 (U267), and 7 (U501) ppm H2O, measured by Fourier-transform infrared (FTIR) spectroscopy (Figure 1). 
Crystals were cut into 0.5 × 0.5 × 0.8 mm or smaller blocks, sometimes irregular in shape (peridotite garnets), 
for experimental runs. The crushed powder of a peridotite xenolith from North China, dominated by olivine and 
pyroxenes, was added to charges as pressure medium surrounding the blocks. Pyroxenes in the peridotite buffered 

the silica activity to be a constant (Ardia et al., 2012; Bai & Kohlstedt, 1993; 
Kohlstedt et  al.,  1996; Liu & Yang, 2020; Mosenfelder et  al.,  2006). This 
method resembles the use of quartz as a silica activity buffer in studies of OH 
solubility in garnet (Lu & Keppler, 1997; Withers et al., 1998). The peridotite 
powder was used in all runs, so that for each garnet at a fixed pressure and 
temperature, the only experimental variable is fO2 that makes the comparison 
of OH data of different garnet samples straightforward.

2.3.  Experimental Studies

Experiments were carried out at 1–3 GPa and 800–1,000°C in an end-loaded 
piston cylinder press. A modified double-capsule technique was used, and 
fO2 in the charges was imposed by the widely applied Fe3O4-Fe2O3 (HM), 
Ni-NiO (NNO) or Fe-FeO (IW) solid-state buffer pairs, which yield fO2 
ranging over 8–9 log units at a given pressure and temperature (NNO is 
close to FMQ, HM is ∼NNO + 4 and IW is ∼NNO − 4). Capsule design 
follows that in previous work (Liu & Yang, 2020; Yang, 2015, 2016; Yang 
et al., 2014b, 2016), and only a brief description is provided.

Thick-walled outer capsules were used, made of Pt, Ni, and Fe for fO2 buff-
ered by HM, NNO, and IW, respectively. For each run, 2–3 garnet blocks 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO Na2O K2O Total ppm H2O

Spessartine 
(A6)

35.21 0.02 20.55 <0.01 3.58 39.52 0.02 0.38 0.02 0.03 0.01 99.35 2,786

0.09 0.01 0.10 0.01 0.01 0.09 0.01 0.04 0.02 0.01 0.01

Grossular 
(K2)

39.95 0.42 21.44 0.07 0.07 0.72 0.55 36.30 <0.01 0.03 0.02 99.57 1,192

0.09 0.04 0.09 0.03 0.01 0.08 0.02 0.08 0.01 0.02 0.02

Pyrope 
(D2)

43.28 0.07 24.70 0.01 4.53 0.10 26.36 0.98 <0.01 <0.01 0.02 100.06 17

0.25 0.01 0.26 0.01 0.02 0.02 0.15 0.03 0.01 0.01 0.02

Pyrope 
(U267)

42.45 0.29 21.38 2.44 8.01 0.31 20.38 4.11 0.03 0.05 <0.01 99.47 16

0.02 0.01 0.05 0.02 0.07 0.01 0.11 0.01 0.03 0.01 0.01

Pyrope 
(U501)

41.47 0.23 19.73 5.15 8.49 0.48 18.60 5.25 0.02 0.03 <0.01 99.44 7

0.01 0.02 0.14 0.04 0.04 0.02 0.14 0.02 0.02 0.01 0.01

Note. Assuming all Fe as FeO, and data in the italic are the standard deviation. Uncertainty of H2O contents is <2% for 
spessartine and grossular, and is mostly <7% for the three pyropes (see text).

Table 1 
Composition (wt. %) and Water Content (ppm H2O) of Starting Garnets

Figure 1.  Fourier-transform infrared (FTIR) spectra of starting garnets. 
Intensity of pyrope D2, U267, and U501 was multiplied by 20, 20, and 50, 
respectively. Spectra were normalized to 1 cm thickness.
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were each wrapped by a Au foil that can be treated as the inner capsule, and were then loaded into the outer 
capsule, along with peridotite powder, buffer oxide(s) and distilled water. Au foil was not sealed, and was used 
to protect the garnet crystals from serious reactions with other materials in the charge. Distilled water and buffer 
oxides (Fe3O4-Fe2O3, NiO or FeO) were placed at the bottom of the one-end sealed outer capsule, and were 
separated from the peridotite powder and garnet samples by a thin Pt foil. The amount of added distilled water 
was 2–3 wt. % in each charge. Pt capsules (ID 4.6 mm, OD 5 mm and length 10 mm) were sealed by arc welding, 
and Ni and Fe capsules (ID 4.2 mm, OD 5 mm, and length 10 mm) were sealed by mechanical compression in 
the press. Experiments used 0.75′′ (1 GPa) and 0.5′′ (1.5–3 GPa) assemblies, made of pyrophyllite, talc, Pyrex 
glass, graphite, and crushable alumina. Temperature was controlled by a type-S thermocouple, and fluctuation 
was usually within ±1°C in each run. Run durations were 40–140 hr, and were chosen by considering the grain 
sizes and H diffusivity of garnets, ensuring the equilibrium OH incorporation at the fixed sample composition 
while maintaining the survival of fluids and oxygen buffer pairs in the runs. The H diffusivity data of garnet were 
referred from the compilation of Ingrin and Blanchard (2006), and some extremely low diffusion data (including 
Reynes et al. (2018)), lower by 3 six orders of magnitude than the majority of the H diffusivity in Ingrin and 
Blanchard (2006), were not considered. A summary of the run conditions is given in Table 2.

We attempted to perform several experiments with the spessartine (A6), grossular (K2), and pyrope (D2) at 2 GPa 
and 1,050–1,200°C, but the garnets always decomposed. Some spessartines and pyropes annealed at 1 GPa and 
1,000°C decomposed as well. These runs are not shown in Table 2. At the end of each run, the samples were 
quenched to room temperature by powering off the heating circuit, and pressure was then released over 10–20 hr 
to minimize crystal fracturing. Recovered capsules were weighed and pierced, then heated and reweighed to 
test for the presence of water. Capsules that did not release excess water after the runs were discarded. The 
capsules were cut open, and the garnet crystals were carefully separated. In each capsule, the presence of oxygen 

P (GPa) T (°C) fO2 buffer Duration (h) log fO2 (bar) fH2O (bar) fH2 (bar) X(H2O) X(H2)

B273 1 1,000 IW 40 −14.46 1.24E + 04 1.25E + 04 0.70 0.30

A198 1 1,000 NNO 40 −9.86 1.76E + 04 8.98E + 01 1.00 <0.01

A203 1 1,000 HM 40 −5.48 1.76E + 04 5.80E − 01 1.00 <0.01

B287 1.5 1,000 IW 40 −14.24 3.65E + 04 2.89E + 04 0.77 0.23

A208 1.5 1,000 NNO 40 −9.68 4.74E + 04 1.96E + 02 1.00 <0.01

A209 1.5 1,000 HM 40 −5.41 4.75E + 04 1.43E + 00 1.00 <0.01

B276 2 1,000 IW 40 −14.03 9.51E + 04 5.86E + 04 0.82 0.18

A199 2 1,000 NNO 40 −9.5 1.16E + 05 3.90E + 02 1.00 <0.01

A202 2 1,000 HM 40 −5.33 1.16E + 05 3.22E + 00 1.00 <0.01

B281 2 900 IW 80 −15.8 1.03E + 05 6.31E + 04 0.84 0.16

A205 2 900 NNO 80 −11.11 1.22E + 05 3.39E + 02 1.00 <0.01

A207 2 800 IW 140 −17.89 1.12E + 05 6.59E + 04 0.87 0.13

B283 2 800 NNO 140 −13.02 1.28E + 05 2.75E + 02 1.00 <0.01

B278 3 1,000 IW 40 −13.6 5.22E + 05 1.96E + 05 0.89 0.11

A200 3 1,000 NNO 40 −9.14 5.88E + 05 1.30E + 03 1.00 <0.01

A201 3 1,000 HM 40 −5.18 5.89E + 05 1.37E + 01 1.00 <0.01

A223 2 1,000 IW 40 −14.03 9.51E + 04 5.86E + 04 0.82 0.18

A222 2 1,000 NNO 40 −9.5 1.16E + 05 3.90E + 02 1.00 <0.01

Note. At a given pressure and temperature, NNO is 4–5 log units more oxidizing than IW, and HM is 4–5 log units more 
oxidizing than NNO. fO2 was calculated from Frost (1991) and Herd (2008). fH2O, fH2, X(H2O), and X(H2) are the equilibrium 
water and hydrogen fugacity and molar fraction of H2O and H2 in the runs, respectively, calculated by considering the 
dissociation of H2O (H2O = H2 + 0.5O2) and its equation of state (Zhang & Duan, 2009) and equilibrium constant (Robie & 
Hemingway, 1995). These parameters are linked to fO2, P, and T, and are not independent in both the calculation and charges. 
Dissolution of silicate minerals in the fluids is not considered.

Table 2 
Summary of Run Conditions and Equilibrium Fluid Compositions

 21699356, 2022, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

023948 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [23/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

ZHANG ET AL.

10.1029/2022JB023948

5 of 20

buffer pairs was examined by optical or scanning electron microscopy. The textures of the peridotite, garnets and 
capsules were imaged by scanning electron microscopy, and the chemical composition of garnets was measured 
by EMP. The garnet crystals were polished for FTIR analyses. Thin reaction rims found on the crystals were 
not analyzed (see Section 2.1). Thickness of polished samples was 0.16–0.60 mm, as determined by a Mitutoyo 
digital micrometer.

2.4.  Analytical Methods

Chemical composition was measured using a JEOL JXA-8230 EMP analyzer. The work conditions were: 15 kV 
accelerating voltage, 10 nA beam current, <5 μm beam size, and counting time of 10 and 5 s for the peak and 
background, respectively. Natural minerals and synthetic oxides were used as standards. The peridotite matrix 
and oxygen buffer pairs were examined with a field-emission TESCAN Mira3 scanning electron microscope.

The OH bands and contents were determined by FTIR spectroscopy. FTIR spectra were measured using a Bruker 
Vertex 70V spectrometer coupled to a Hyperion 2000 microscope: a globar source, KBr/Ge beam-splitter, MCT 
detector, aperture of 60 × 60 μm, resolution of 4 cm −1 and 128 scans for each spectrum. Unpolarized radiation 
was used for the cubic garnet. Optically clear zones, free of inclusions/cracks, were analyzed. Profile FTIR anal-
yses were performed on representative crystals. A spline-fit method was used for spectral baseline corrections 
(Figure 2). Water content was obtained by the Beer-Lambert law, COH = Abstot/I, where COH is OH content (ppm 
H2O), Abstot is the integral absorbance of OH bands at 3,700–3,500 cm −1 (normalized to 1 cm thickness), and I is 
the mineral-specific integral molar absorption coefficient. Uncertainty of water content by baseline subtractions 
is <2% for the OH-rich spessartine and grossular where the baselines are easy to define, and is often <7% for the 
OH-poor pyropes where the baselines are easily subjected to weak noisy signals in the spectra. This is the arbi-
trary uncertainty by the manual processing of the spectra, evaluated by conducting several reasonable baseline 
fittings to a few representative spectra.

Figure 2.  Baseline corrections of representative spectra. (a) Spessartine from A202, (b) grossular from A200, and (c) pyrope 
from A202. Spectra were normalized to 1 cm thickness.
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The garnet-specific integral calibration coefficient of Bell et al. (1995), ∼1.39 ppm −1  cm −2, was used to calculate 
the water content. Ideally, this calibration is applicable to garnets with similar OH bands as in Bell et al. (1995). 
A later report of Maldener et al. (2003), using nuclear reaction analysis and FTIR spectroscopy, has shown that, 
except some grossular samples dominated by high frequency OH bands (3,680–3,645 cm −1), the calibration coef-
ficient of garnet is similar over a variety of mineral compositions and OH bands. A universal coefficient, ∼0.75 
ppm −1 cm −2, was proposed for OH in garnet by Maldener et al. (2003), which is ∼50% smaller than the one of Bell 
et al. (1995) and results in water contents greater by ∼50%. For grossular, the coefficient is ∼2.59 ppm −1 cm −2 
in Maldener et al. (2003), that is confirmed by Reynes et al. (2018) and is similar to the ∼2.70 ppm −1 cm −2 in 
Mosenfelder et al.  (2021). Applying these coefficients to our grossular samples leads to ∼50% smaller water 
content relative to the method of Bell et al. (1995). OH contents obtained by applying these calibration coeffi-
cients are summarized in Table 3 (Note. for each type of garnet, the OH band positions are similar between our 
samples and those used for establishing the calibration coefficients). Our general results, in particular the effects 
of fO2 on OH solubility that is determined by the relative variation of Abstot, are not affected by the choice of the 
coefficients. For simplicity, the water contents discussed below are based on the calibration of Bell et al. (1995).

3.  Results
In each of the recovered capsules, no melt in the form of films, lens or pockets was observed on the exposed 
surface, either at the sides, bottom or top of the capsules or between mineral grains. This, along with the presence 
of excess water in the capsules, suggests the annealing under subsolidus and water-saturated conditions. The orig-
inal shapes of the garnet crystals are usually preserved, although fractures appeared in most cases (Figure 3). No 
zoned distribution in recovered samples is observed for major/minor elements (Tables 4–7) and OH (Figure 4). In 
comparison with the starting materials (Table 1), the samples show no chemical changes during the experiments.

Typical FTIR spectra of annealed garnets are shown in Figure 5. The samples show OH absorption bands at 
3,700–3,500 cm −1. For each garnet, the frequencies and shapes of the OH bands in the annealed samples are 
essentially the same as those in the starting material (Figure 1). The OH bands are different between different 
garnets. In general, the spectra show the dominant bands at 3,637, 3,624, 3,615, and 3,581 cm −1 for spessartine, 
at 3,688, 3,673, 3,656, 3,645, 3,630, 3,600, 3,565, 3,545, and 3,531 cm −1 for grossular, at 3,660, 3,651, 3,641, 
3,624, 3,617, and 3,601 cm −1 for pyrope D2, at 3,637 cm −1 for pyrope U267 and at 3,611 and 3,578 cm −1 for 
pyrope U501.

The H2O content in the annealed samples is highly variable, for example, 5,830–7,750 ppm in spessartine, 
1,180–1,450 ppm in grossular, and 10–30 ppm in pyropes (Table 3). The content at comparable conditions is 
much lower, by a factor of up to ∼770, in pyropes than in spessartine and grossular (Figure 6). This variation 
is far beyond the ranges that can be produced by the difference in OH calibration coefficients between these 
garnets, as documented in Section 2.4. The OH content increases linearly with pressure (Figure 7) and tempera-
ture (Figure 8), but decreases linearly with logfO2 (Figure 9). For each garnet, the ratio of OH content at IW and 
at NNO under otherwise identical conditions, 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 , is independent of run pressure and temperature in the 

experiments, as observed for spessartine (Figure 10a), grossular (Figure 10b), and pyrope D2 (Figure 10c). The 
average values of 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 , if two or more ratios are available from the experiments, are ∼1.07, 1.05, 1.29, 2.20, 

and 2.10 for the spessartine, grossular and pyropes D2, U267, and U501, respectively (Figure 10).

4.  Comparison With Garnet OH in Other Studies
The general OH frequencies and band shapes in the annealed samples (Figure 5) are similar to those in previous 
studies on OH bands in matching types of natural (Aines & Rossman, 1984; Bell et al., 1995, 2004; Bell & Ross-
man, 1992; Doucet et al., 2014; Geiger & Rossman, 2018; Maldener et al., 2003; Matsyuk et al., 1998; Mosen-
felder et al., 2021; Rossman & Aines, 1991) and annealed/synthetic (Lu & Keppler, 1997; Withers et al., 1998) 
garnets. The broad OH bands at 3,800–3,000  cm −1 in a pyrope annealed at 5–9 GPa and 1,100–1,200°C by 
Mookherjee and Karato (2010) differ greatly from the narrow bands at 3,700–3,500 cm −1 in pyropes obtained at 
1–10 GPa and 800–1,000°C in other experiments (Lu & Keppler, 1997; Withers et al., 1998) and this study, and 
the reason for the contrast is still unclear. However, it should be noted that the OH bands are strongly variable in 
either megacryst or peridotite garnets of comparable composition (Bell et al., 2004; Doucet et al., 2014; Matsyuk 
et al., 1998).
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Despite the enhanced peak intensity after the experiments, the annealing 
obviously did not change the peak positions and spectral shapes of OH 
bands in each of the studied garnets (Figures 1 and 5), which has also been 
reported for pyropes by Lu and Keppler  (1997) and Withers et al.  (1998). 
This suggests the OH incorporation by decorating preexisting point defects 
with H (Tollan et al., 2018), driven mainly by H diffusion into the lattice and 
related substitutions. This, however, does not imply that the experimental 
method (Section 2.1) affected the OH bands in the annealed samples. In fact, 
it has been shown that, if major/minor elements and environmental factors 
(silica buffer and water source materials) are comparable, the general OH 
patterns of a mineral are consistent for growing crystals from a hydrous 
melt and equilibrating natural crystals with a hydrous fluid, as shown for 
olivine (Berry et al., 2005; Yang, 2015, 2016; Yang & Keppler, 2011; Yang 
et al., 2014b) and pyroxenes (Rauch & Keppler, 2002). Hence, the contrast-
ing OH bands in different garnets are assigned to their different composi-
tions, which affected the local crystal configurations and point defects (and 
OH substitutions).

Figure 3.  Representative recovered samples. (a) A pyrope crystal in peridotite 
from B278, (b) a grossular crystal in peridotite from A198, (c) FeO located at 
one end of the Fe capsule and separated by a Pt foil from the peridotite from 
B281, and (d) NiO located at one end of the Ni capsule and separated by a Pt 
foil from the peridotite from A205.

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO Na2O K2O Total

A209 34.43 0.03 20.63 <0.01 3.38 40.22 <0.01 0.43 0.04 0.01 <0.01 99.16

0.16 0.01 0.12 0.01 0.01 0.10 0.01 0.02 0.01 0.01 0.01

B287 34.81 0.06 20.60 0.02 3.50 39.88 <0.01 0.40 0.03 0.03 <0.01 99.33

0.09 0.02 0.01 0.01 0.01 0.11 0.01 0.03 0.03 0.01 0.01

A208 35.07 0.07 20.45 0.03 3.44 40.08 <0.01 0.41 <0.01 <0.01 <0.01 99.55

0.14 0.01 0.15 0.01 0.06 0.23 0.01 0.02 0.01 0.01 0.01

A202 35.25 0.05 20.72 <0.01 3.51 39.90 <0.01 0.41 0.07 0.02 <0.01 99.94

0.01 0.01 0.08 0.01 0.02 0.38 0.01 0.01 0.07 0.01 0.01

B276 35.19 <0.01 20.73 <0.01 3.49 39.45 <0.01 0.37 <0.01 0.02 <0.01 99.25

0.16 0.01 0.01 0.01 0.01 0.06 0.01 0.02 0.01 0.02 0.01

A199 35.44 0.01 20.73 <0.01 3.50 39.68 0.01 0.40 <0.01 0.04 <0.01 99.81

0.02 0.01 0.20 0.01 0.04 0.10 0.01 0.02 0.01 0.01 0.01

A207 34.49 0.04 20.41 <0.01 3.55 39.65 <0.01 0.44 0.11 <0.01 <0.01 98.69

0.02 0.03 0.02 0.01 0.06 0.15 0.01 0.01 0.04 0.01 0.01

B283 34.74 0.02 20.29 <0.01 3.44 39.69 <0.01 0.42 <0.01 0.04 <0.01 98.63

0.07 0.02 0.05 0.01 0.01 0.09 0.01 0.01 0.01 0.01 0.01

B281 35.03 0.04 20.68 0.02 3.51 40.20 0.02 0.39 <0.01 0.01 <0.01 99.90

0.07 0.03 0.17 0.01 0.04 0.10 0.01 0.01 0.01 0.01 0.01

A205 35.02 0.04 20.65 0.01 3.54 40.30 0.02 0.38 <0.01 <0.01 <0.01 99.95

0.10 0.01 0.05 0.01 0.01 0.12 0.01 0.03 0.01 0.01 0.01

A201 34.75 0.04 20.31 0.03 3.41 39.60 <0.01 0.39 <0.01 0.02 <0.01 98.53

0.02 0.04 0.01 0.01 0.01 0.02 0.01 0.06 0.01 0.01 0.01

B278 35.34 0.01 20.55 <0.01 3.49 39.93 0.01 0.38 0.03 0.03 <0.01 99.78

0.06 0.01 0.03 0.01 0.02 0.10 0.01 0.01 0.03 0.01 0.01

A200 34.70 0.03 20.46 <0.01 3.53 39.75 0.02 0.37 <0.01 0.03 <0.01 98.88

0.01 0.02 0.16 0.01 0.03 0.03 0.01 0.03 0.01 0.01 0.01

Note. Assuming all Fe as FeO, and data in the italic are the standard deviation.

Table 4 
Composition of Recovered Spessartine Samples Starting With A6 (wt. %)
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For the studied samples, the equilibrium OH solubility at a fixed mineral chemistry is supported by kinetic 
analyses of crystal sizes and H diffusivity in garnet (Section 2.3) and profile FTIR analyses of annealed crystals 
(Figure 4). The OH contents are greater in the annealed than in the corresponding starting garnets (Table 3). 
This is because natural minerals usually form at water-undersaturated conditions while the annealing runs are 
at water-saturated conditions. In NNO buffered runs, the OH solubility in pyrope D2 is 13–24 ppm, lower than 
the 70–100 ppm in Lu and Keppler (1997) for a Dora Maira pyrope of similar composition and 140–550 ppm in 
Withers et al. (1998) for a synthetic pyrope with unbuffered fO2. Besides, the negative correlation of OH content 
and fO2, generally observed for spessartine, grossular and pyrope (Figure 9) despite their different chemistry, 
contrasts with the positive trend at IW and NNO (2 GPa-1,000°C and 3 GPa-1,000°C) in Lu and Keppler (1997) 
for pyrope. Lu and Keppler (1997) and Withers et al. (1998) used quartz to buffer silica activity, in contrast to 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO Na2O K2O Total

A209 39.51 0.32 22.16 0.04 0.05 0.68 0.55 36.37 0.02 0.02 <0.01 99.72

0.36 0.05 0.06 0.02 0.01 0.02 0.03 0.07 0.02 0.01 0.01

B287 39.58 0.36 22.15 0.09 0.09 0.71 0.53 36.27 0.03 0.01 <0.01 99.84

0.12 0.02 0.01 0.02 0.02 0.01 0.02 0.16 0.01 0.01 0.01

A208 39.62 0.39 22.26 0.08 0.08 0.69 0.50 35.94 0.06 0.03 <0.01 99.63

0.09 0.01 0.10 0.02 0.01 0.02 0.01 0.16 0.06 0.01 0.01

A203 39.60 0.46 21.77 0.06 0.11 0.69 0.58 36.31 0.04 <0.01 0.02 99.65

0.34 0.02 0.02 0.01 0.01 0.01 0.01 0.11 0.04 0.01 0.01

B273 39.48 0.40 21.67 0.08 0.07 0.64 0.58 36.41 <0.01 <0.01 <0.01 99.33

0.07 0.01 0.23 0.01 0.01 0.04 0.02 0.31 0.01 0.01 0.01

A198 39.46 0.38 21.62 0.02 0.10 0.67 0.54 36.35 <0.01 <0.01 0.01 99.15

0.20 0.01 0.13 0.02 0.03 0.01 0.01 0.25 0.01 0.01 0.01

A202 39.66 0.39 22.30 0.04 0.07 0.67 0.57 35.75 0.12 0.02 <0.01 99.60

0.16 0.01 0.01 0.03 0.04 0.01 0.02 0.06 0.03 0.02 0.01

B276 40.04 0.40 22.24 0.04 0.08 0.69 0.59 36.24 0.11 <0.01 0.02 100.45

0.09 0.01 0.20 0.02 0.04 0.02 0.01 0.17 0.05 0.01 0.01

A199 39.94 0.34 22.21 0.04 0.06 0.68 0.57 36.08 0.02 0.02 <0.01 99.96

0.04 0.02 0.08 0.03 0.02 0.07 0.03 0.23 0.02 0.02 0.01

A207 39.78 0.40 22.08 0.07 0.06 0.72 0.56 35.89 0.05 <0.01 <0.01 99.63

0.10 0.02 0.05 0.01 0.03 0.04 0.01 0.04 0.03 0.01 0.01

B283 39.86 0.42 22.25 0.08 0.07 0.70 0.53 36.00 0.06 <0.01 <0.01 99.97

0.16 0.01 0.10 0.01 0.04 0.01 0.01 0.24 0.06 0.01 0.01

B281 39.63 0.36 22.13 0.03 0.07 0.64 0.56 36.04 0.16 <0.01 <0.01 99.62

0.16 0.02 0.10 0.02 0.06 0.01 0.01 0.21 0.06 0.01 0.01

A205 39.68 0.33 22.27 0.08 0.03 0.64 0.54 36.25 0.07 <0.01 0.02 99.93

0.04 0.01 0.17 0.01 0.01 0.04 0.01 0.01 0.04 0.01 0.02

A201 39.82 0.41 22.42 0.06 0.07 0.64 0.53 36.52 0.02 <0.01 <0.01 100.49

0.15 0.01 0.06 0.02 0.04 0.01 0.01 0.19 0.02 0.01 0.01

B278 39.27 0.37 22.28 0.05 0.05 0.66 0.56 36.51 <0.01 <0.01 <0.01 99.74

0.04 0.04 0.18 0.01 0.04 0.03 0.02 0.01 0.01 0.01 0.01

A200 39.41 0.41 22.42 0.04 0.08 0.69 0.54 36.13 0.09 0.01 0.01 99.84

0.23 0.05 0.09 0.01 0.03 0.06 0.01 0.28 0.07 0.02 0.01

Note. Assuming all Fe as FeO, and data in the italic are the standard deviation.

Table 5 
Composition of Recovered Grossular Samples Starting With K2 (wt. %)
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SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO Na2O K2O Total

A209 43.01 0.02 24.58 0.01 4.87 0.06 25.77 0.86 <0.01 0.04 <0.01 99.22

0.19 0.02 0.11 0.01 0.02 0.01 0.01 0.06 0.01 0.02 0.01

B287 43.05 0.05 24.53 <0.01 4.83 0.05 25.95 0.89 0.05 0.02 <0.01 99.41

0.04 0.01 0.40 0.01 0.17 0.01 0.18 0.01 0.05 0.01 0.01

A208 43.32 0.01 24.64 <0.01 5.07 0.09 26.27 0.84 <0.01 0.06 0.02 100.33

0.12 0.01 0.06 0.01 0.04 0.03 0.25 0.06 0.01 0.01 0.02

A202 43.31 0.04 25.02 <0.01 4.48 0.09 26.10 1.06 0.02 0.04 0.01 100.17

0.43 0.01 0.29 0.01 0.03 0.05 0.12 0.14 0.02 0.02 0.01

B276 43.05 <0.01 24.89 0.02 4.69 0.10 26.64 0.69 <0.01 0.02 <0.01 100.09

0.36 0.01 0.17 0.01 0.06 0.02 0.10 0.06 0.01 0.02 0.01

A199 43.66 0.04 25.33 <0.01 4.51 0.06 26.31 0.77 0.03 0.06 <0.01 100.77

0.22 0.03 0.01 0.01 0.02 0.05 0.03 0.03 0.03 0.03 0.01

A207 42.58 0.02 24.39 <0.01 5.00 0.06 25.84 0.98 0.09 0.06 <0.01 99.02

0.10 0.03 0.01 0.01 0.08 0.03 0.03 0.02 0.01 0.01 0.01

B283 42.73 <0.01 24.75 <0.01 4.45 0.08 26.30 0.84 <0.01 0.05 <0.01 99.20

0.23 0.01 0.27 0.01 0.07 0.01 0.11 0.07 0.01 0.02 0.01

B281 43.09 0.06 24.50 <0.01 4.79 0.06 26.55 0.84 <0.01 0.05 <0.01 99.94

0.27 0.01 0.12 0.01 0.03 0.03 0.21 0.01 0.01 0.01 0.01

A205 43.28 <0.01 24.53 <0.01 4.76 0.07 26.48 0.83 <0.01 0.04 0.02 100.02

0.08 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.02

A201 42.81 0.04 24.36 0.03 4.51 0.05 26.39 0.90 <0.01 0.03 <0.01 99.10

0.13 0.01 0.01 0.01 0.02 0.03 0.27 0.05 0.01 0.01 0.01

B278 43.07 0.05 24.86 0.02 4.98 0.05 26.16 1.05 <0.01 0.05 <0.01 100.29

0.15 0.01 0.14 0.02 0.03 0.03 0.06 0.06 0.01 0.02 0.01

A200 43.29 <0.01 24.56 <0.01 4.25 0.08 26.63 0.67 0.05 0.01 <0.01 99.55

0.30 0.01 0.01 0.01 0.07 0.05 0.11 0.01 0.02 0.01 0.01

Note. Assuming all Fe as FeO, and data in the italic are the standard deviation.

Table 6 
Composition of Recovered Pyrope Samples Starting With D2 (wt. %)

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO Na2O K2O Total

Starting with U267

  A222 42.64 0.29 21.22 2.49 8.01 0.28 20.92 4.18 0.02 0.05 <0.01 100.08

0.07 0.04 0.08 0.01 0.02 0.01 0.12 0.06 0.02 0.01 0.01

  A223 42.66 0.27 21.59 2.56 7.93 0.32 20.90 4.15 <0.01 0.05 <0.01 100.43

0.01 0.01 0.19 0.06 0.03 0.01 0.03 0.02 0.01 0.01 0.01

Starting with U501

  A222 41.71 0.28 19.84 4.99 8.51 0.47 18.93 5.22 0.03 0.05 <0.01 100.02

0.11 0.01 0.06 0.09 0.04 0.01 0.03 0.01 0.01 0.01 0.01

  A223 41.41 0.22 19.53 5.31 8.50 0.49 18.78 5.27 <0.01 0.02 <0.01 99.53

0.07 0.01 0.02 0.08 0.01 0.01 0.06 0.05 0.01 0.01 0.01

Note. Assuming all Fe as FeO, and data in the italic are the standard deviation.

Table 7 
Composition of Recovered Pyrope Samples Starting With U267 and U501 (wt. %)
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pyroxenes in this study, and the simple quartz + garnet assemblages in their 
runs differ from the complex peridotite minerals + garnet in ours. This may 
explain the different results in these studies, as demonstrated for olivine (e.g., 
Ardia et al., 2012; Yang, 2015, 2016; Yang et al., 2014b).

The increase in OH solubility with pressure at 1–3 GPa or temperature at 
800–1,000°C is similar to that reported in Lu and Keppler (1997) and With-
ers et al. (1998). At subsolidus conditions, similar trends have been observed 
for olivine (Kohlstedt et al., 1996; Mosenfelder et al., 2006; Yang, 2016) and 
pyroxenes (Bromiley et al., 2004; Liu & Yang, 2020; Rauch & Keppler, 2002). 
This reflects the enhanced OH incorporation in minerals as pressure/temper-
ature increases. If melt is present in the system, OH content can decrease 
with temperature, as reported for olivine (Ardia et al., 2012), which is due 
to reduced water activity and strong water partitioning into melt at higher 
temperature. The linear correlation trends of OH content with pressure 
(Figure 7), temperature (Figure 8), and fO2 (Figure 9) are the apparent best 
data fits over the run conditions, and may not hold at greater ranges of these 
parameters. However, the general trends should not change, and the discus-
sion on the effects of fO2 on OH incorporation is unaffected (Section 2.1).

5.  Complexity of OH Incorporation Mechanisms in 
Garnet
Extensive work on OH incorporation modes in garnets has been done by 
studying OH in natural and synthetic samples (Ackermann et al., 1983; Aines 

& Rossman, 1984; Geiger & Rossman, 2018, 2020a, 2020b; Lager et al., 1989; Matsyuk et al., 1998; Rossman 
& Aines, 1991). However, it remains poorly understood how trace amounts of OH are stored. The hydrogarnet 
cluster model, by four H + replacing a Si 4+, is often considered as the principal OH incorporation mechanism 

Figure 4.  A typical Fourier-transform infrared (FTIR) profile of a spessartine 
crystal from A278. Numbers above each spectrum are integral absorbance 
(cm −2) and distance from crystal center (μm in parentheses). Spectra were 
normalized to 1 cm thickness.

Figure 5.  Representative Fourier-transform infrared (FTIR) spectra of annealed garnets. (a) Spessartine at 3 GPa and 1,000°C, (b) grossular at 2 GPa and 1,000°C, (c) 
pyrope (D2) at 3 GPa and 1,000°C, (d) pyrope (U267) at 2 GPa and 1,000°C, and (e) pyrope (U501) at 2 GPa and 1,000°C. Spectra were normalized to 1 cm thickness.
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(Aines & Rossman,  1984; Cohen-Addad et  al.,  1967; Lager et  al.,  1989; 
Rossman & Aines, 1991). Geiger and Rossman (2020a, 2020b) proposed that 
OH bands in garnets are mostly caused by OH clusters of different sizes, and 
other substitutions mechanisms are not required. This explains some high 
frequency bands at >3,600  cm −1 in garnets, except those at >3,670  cm −1 
which are ascribed to tiny inclusions of hydrous minerals. However, the OH 
cluster model relies on assumed comparable shifts in the O-H bond frequen-
cies by bonds in other nonadjacent tetrahedra, that is unjustified (Mosen-
felder et al., 2021).

The strong OH bands at 3,650–3,600 and 3,600–3,550 cm −1 in spessartine 
(Figures 1 and 5) cannot be simply ascribed to the hydrogarnet model, as 
recognized early by Aines and Rossman  (1984). Recently, Mosenfelder 
et al. (2021) suggested that garnet OH bands at >3,600 cm −1 are related to 
coupled OH-F substitutions, especially in relatively F-rich grossular and 
spessartine and in Dora Maira pyrope. These bands are often insignificant 
in mantle garnets due to their low F contents. The small and sharp band at 
3,688 cm −1 is only observed in grossular (Figures 1 and 5; see also Aines & 
Rossman, 1984). This band is common in our annealed unzoned grossular, 
and the run conditions are beyond the stability field of many altered phases. 
The band is unlikely due to tiny altered inclusions as argued by Geiger and 
Rossman  (2020a,  2020b). Similar conclusion is drawn for natural grossu-

lar based on geological and spectroscopic reasons (Mosenfelder et  al.,  2021). This band may not be due to 
OH-F substitutions because it is absent in other F-rich garnet (e.g., spessartine). Likely, the band is linked to the 
extremely enriched Ca (32.6 wt. % CaO) in grossular, but a strong effect of Ca is unlikely due to the small band 
intensity (Figure 5). This explains the absence of the band in low-Ca mantle garnets. The contrasting OH bands 

Figure 6.  A comparison of OH content between different garnets annealed at 
1,000°C and NNO. Error bars are 2% for spessartine and grossular and 7% for 
pyrope (see text).

Figure 7.  OH content of annealed garnets versus pressure at 1,000°C. (a) Spessartine, (b) grossular, and (c) pyrope. Different 
colors denote different fO2 buffers. Solid lines are apparent best data fits. Error bars are 2% for spessartine and grossular and 
7% pyrope (see text).
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Figure 8.  OH content of annealed garnets versus temperature at 2 GPa. (a) Spessartine, (b) grossular, and (c) pyrope. Solid 
lines are apparent best data fits. Error bars are 2% for spessartine and grossular and 7% pyrope (see text).

Figure 9.  OH content of annealed garnets versus fO2. (a) Spessartine, (b) grossular, and (c) pyrope. Solid lines are apparent 
best data fits, and slopes are −82.5 to −121.5 in (a), −11.1 to −18.5 in (b), and −0.9 to −1.5 in (c). Data in runs with only 
two different oxygen buffer pairs were forced to fit with a linear relation, following the trends from runs with three different 
oxygen buffer pairs. Error bars are 2% for spessartine and grossular and 7% pyrope (see text).
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in the three pyropes (Figures 1 and 5) may be caused by chemical differences between them and complex inter-
actions between the atoms.

Because the starting garnets of different compositions can be broadly regarded as synthesized samples varia-
bly doped with major/minor elements (Section 2.1), the OH solubility at fixed sample chemistry allows to put 
constraints on the incorporation mechanism(s). At given pressure, temperature, and fO2, the OH solubility is 
significantly reduced with increasing MgO from spessartine to grossular to pyropes (Figure 6), for example, 
∼0.02, 0.55, and 18.6–26.4 wt. % MgO, respectively (Table 1). Thus, Mg may depress OH incorporation (espe-
cially for spessartine A6 and pyrope D2 showing less variation in other major/minor elements), although the exact 
mechanism is unclear. For the three pyropes, the OH solubility is comp arable (10–30 ppm) at the run conditions, 
implying that the effect of MgO in the 18–26 wt. % range is similar and/or that the opposite FeO variation range 
of 4.5–8.5 wt. % counteracts the effect of MgO (the enhanced OH incorporation by Fe will be discussed below).

In general, our experimental studies suggest that the incorporation of OH in garnet is probably strongly affected 
by Si, Mg, and Fe in the structure, rather than by Si alone as often argued for the hydrogarnet cluster model. 
Multiple incorporation mechanisms of OH in garnet are highly likely to be simultaneously active. The content 
of other elements (Al, Cr and Ti) also varies in the garnet, but no evidence has been provided for their signifi-
cant role in OH incorporation (Aines & Rossman, 1984; Geiger & Rossman, 2018, 2020a, 2020b; Mosenfelder 
et al., 2021; and this study).

6.  Effects of fO2 on OH Incorporation and Comparison With Other Minerals
For the three types of garnets, spessartine, grossular, and pyropes, the OH solubility at fixed sample chemistry 
commonly decreases from IW to NNO to HM at comparable conditions (Figure 9). At given pressure and temper-
ature, the equilibrium water fugacity (fH2O) in the system increases with increasing fO2 (Table 2). Therefore, 
the negative correlation between OH solubility and fO2 in garnets is unlikely to be produced by the progressive 

Figure 10.  OH content ratio of runs buffered by IW and NNO. (a) Spessartine, (b) grossular, (c) pyrope (D2), and (d) pyrope 
(U267 and U501). Labels and symbols of the same pressure are marked by the same color in each panel. Solid lines in (a–c) 
are the average of all data for each garnet, and solid lines in (d) are ratios of two pyropes, following the data trends in (a–c) 
which suggest the ratio independent of pressure and temperature. Error bars are propagated from an assumed OH content 
uncertainty of 2% for spessartine and grossular and 7% for pyropes (see text).
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increase of fH2O from IW to NNO to HM, which would instead lead to a positive correlation between OH solu-
bility and fH2O as reported for olivine (Kohlstedt et al., 1996; Mosenfelder et al., 2006; Yang, 2015, 2016; Yang 
et al., 2014b). Under otherwise the same conditions, H2 in the charge, as reflected by hydrogen fugacity (fH2), 
becomes more abundant at more reduced conditions (Table 2). Therefore, the enhanced OH solubility in garnets 
could be related to:

2Fe3+garnet + 2O2−
garnet + H2 gas = 2Fe2+garnet + 2OH−

garnet� (1a)

2Fe⋅Mg + 2O𝑥𝑥

𝑜𝑜 + H2 = 2Fe𝑥𝑥Mg + 2(OH)⋅𝑜𝑜� (1b)

where H2 gas is produced by dissociation of H2O, and Equation 1b is Equation 1a in the Kröger-Vink notation. This 
mechanism was applied to interpret the enhanced OH solubility in clinopyroxene (cpx) and orthopyroxene (opx) 
at IW relative to NNO (Bromiley et al., 2004; Liu & Yang, 2020; Rauch & Keppler, 2002). For Mn-rich spessa-
rtine, the Mn 3+ to Mn 2+ reduction may similarly enhance the OH dissolution, but this is unlikely to be important 
because the redox proxy of OH solubility, 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 , is similar to that of Mn-poor grossular (Figure 10). Equa-

tion 1 does not imply that the OH incorporation in garnet is entirely related to the reduction of Fe 3+ to Fe 2+, and 
that all the bands are linked to Fe. Instead, multiple mechanisms of OH incorporation are probably operative 
at the same time, for example, by substitutions involving Si, Mg, and Fe (and F in some garnets, Section 5). 
Therefore, Equation 1 only explains the negative correlation of OH solubility and fO2. The different slopes of OH 
solubility versus logfO2 (Figure 9) and the different 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 ratios (Figure 10) between different garnets are 

related to their Fe content (see details later).

The general negative correlation of OH solubility in garnet with fO2, using pyrope D2 as an example, is shown 
in Figure 11 for comparison with other nominally anhydrous minerals from the literature data including cpx (Liu 
& Yang, 2020), opx (Liu & Yang, 2020), olivine (Yang, 2016), labradorite (Yang, 2012), and rutile (Colasanti 
et al., 2011). With increasing fO2 (on a log scale), the solubility decreases linearly in garnet (Figure 11a), cpx 
(Figure 11b), and opx (Figure 11c), but increases linearly in olivine (Figure 11d), decreases sharply first and then 

Figure 11.  A comparison of fO2 versus OH content between garnet and other minerals. (a) Garnet from this study (pyrope D2, solid lines are the same as in Figure 9, 
b) cpx, and (c) opx from Liu and Yang (2020), (d) olivine from Yang (2016), (e) labradorite from Yang (2012), and (f) rutile from Colasanti et al. (2011). Solid lines in 
(b–f) are apparent best fits from available studies.
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increases slowly in labradorite (Figure 11e), and decreases nonlinearly in rutile (Figure 11f). For each of these 
minerals, the OH spectral shapes and patterns are the same over the run conditions, indicating the same mech-
anism(s) of OH incorporation. The different correlations of fO2 and OH solubility between the minerals imply 
different mechanisms for the redox-controlled OH incorporation.

The negative OH solubility correlations for garnet, cpx, and opx can be explained by the reduction of Fe 3+ 
to Fe 2+ and the coupled OH incorporation (Equation 1). The OH bands in olivine are complex, and four OH 
incorporation modes have been proposed (Berry et al., 2005), namely protonation by Mg vacancies (3,300–
3,100 cm −1 bands), trivalent cations (3,450–3,300 cm −1 bands), octahedral Ti (∼3,572 and 3,525 cm −1 bands), 
and Si vacancies (3,650-3,450 cm −1 bands excluding the two Ti-related). The positive correlation for olivine 
can be caused by the coupled substitution of H plus Fe 3+ for two Mg 2+ and the increase in Fe 3+ at more 
oxidized conditions (Yang, 2016). The inverted bell-shaped correlation for labradorite is hard to explain. At 
first sight, the enhanced solubility at very reduced conditions may be related to Fe, by Equation 1 as in garnet 
and pyroxenes. This is, however, unlikely to cause the positive trend under more oxidizing conditions. In 
particular, feldspars are usually poor in Fe, and some unknown mechanism may dominate the fO2-dependent 
OH incorporation (Mosenfelder et al., 2020; Yang, 2012). The negative nonlinear correlation for rutile is by 
the Ti 4+ to Ti 3+ reduction and the coupled incorporation of OH (Colasanti et al., 2011). Thus, fO2 affects OH 
incorporation in nominally anhydrous minerals, either Fe-rich or poor, and the general effects differ between 
different minerals. Understanding the effects of fO2 on OH solubility can provide new insights into the OH 
incorporation.

7.  Coupled Effects of fO2 and FeO and Geochemical Implications
The redox-related OH proxy, 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 , is a factor determined only by the chemical composition (major and 

minor elements) of garnet (Figure 10), which affects OH solubility at high pressure and temperature. 𝐶𝐶
𝐼𝐼𝐼𝐼

𝑂𝑂𝑂𝑂
∕𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁

𝑂𝑂𝑂𝑂  
is sensitive to the garnet Fe content (expressed as total FeO, wt.%), and is greater at higher FeO (Figure 12). The 
documented effects of fO2 on OH solubility are related to the redox-driven reactions of Fe 3+ and Fe 2+ and the 
accompanied OH incorporation. Therefore, the effects of fO2 and FeO on OH solubility in garnet are coupled, 
as is well reflected by Equation 1. This implies that, if more Fe is present in the structure, the Fe 3+ to Fe 2+ 
reduction upon a fO2 change requires the incorporation of a greater amount of OH to attain the equilibrium of 
Equation 1. This explains the small changes of the relative OH peak intensities in spessartine and grossular when 

fO2 is modified (Figure 5), because they contain less FeO than the pyropes 
(Table 1). The apparent best data fit to 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 and FeO content in the 

studied samples yields:

𝐶𝐶
IW

OH
∕𝐶𝐶NNO

OH
= 𝐴𝐴 × exp

(

𝑥𝑥

𝑡𝑡

)

+ 𝑦𝑦0� (2)

where A, t, and y0 are constants of 0.03 ± 0.06, 2.29 ± 1.19, and 0.99 ± 0.14, 
respectively, and x is the FeO content (wt. %). Equation 2 generally holds for 
the studied types of garnets, regardless of the origins and equilibrium pres-
sure and temperature (Section 2.1 and Figure 10). It is at present unclear if 
Equation 2 is applicable to more Fe-rich (FeO >10 wt. %) almandine garnets, 
yet it allows to model redox effects of OH in garnets from mantle peridot-
ites that are mainly pyrope-rich, with 20–30% of grossular and almandine 
components (Wood et al., 2013). In fact, a worldwide data compilation gives 
a FeO range of 5.5–10.0 wt. % for garnets in mantle peridotites and defines 
no systematic variation with depth (50–250 km, Figure 13a).

Among the five garnets that were used in this study, two (pyrope U267 and 
U501) are from peridotite xenoliths, thus of mantle provenance (with preex-
isting point defects inherited from their mantle sources). The three pyropes 
(D2, U267, and U501) differ in composition, especially in Si, Mg, and Fe 
that greatly affect OH incorporation (Section 5); however, the solubility of 
OH in the annealed samples is rather similar, 10–30 ppm H2O at 1.5–3 GPa, 
800–1,000°C and NNO-IW (Table  3). These contents may not reflect the 

Figure 12.  OH content ratio of runs buffered by IW and NNO versus FeO 
content (wt. %) in garnets. Data-points are average ratio for each type of 
garnet, which are independent of pressure and temperature (Figure 10). Error 
bars are propagated from an assumed water content uncertainty of 2% for 
spessartine and grossular and 7% for pyropes (see text). Data are best fitted 
with an exponential relation (Equation 2).
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true OH solubility at the corresponding conditions, because the equilibrium of major and minor elements under 
the studied conditions is not strictly considered (Tollan et al., 2018). In principle, the equilibrium content of 
OH in a mineral grown from well mixed reagents in a hydrous melt may be more meaningful in defining the 
solubility at the conditions of interest (Section  2.1). However, experimental studies have shown that, over a 
wide range of pressure under otherwise similar conditions (including chemistry), the solubility data of OH in a 
mineral by annealing a natural crystal with a hydrous fluid are generally consistent with those in the synthetic 
mode systems, for example, for opx (Rauch & Keppler, 2002). Moreover, chemical analyses of garnet in mantle 
peridotite xenoliths demonstrate that, for the three elements Si, Mg, and Fe (dominating OH incorporation), the 
relative variation of SiO2 (41.7 ± 1.0 wt. %) and MgO (20.8 ± 1.8 wt. %) with depth are both small, mostly within 
±5% (Appendix), when compared to that of FeO (7.5 ± 2 wt. %, i.e., ∼30% relative, Figure 13a). Therefore, the 
broadly comparable and similarly low OH solubility in the three pyropes, especially in the two peridotite pyropes, 
suggests that the storage capacity of OH in mantle garnet is generally small. In this case, garnet is unlikely to be 
a major water carrier in the mantle. This is consistent with the reported very low OH contents of garnet in mantle 
peridotite xenoliths, mostly 0–20 ppm H2O (Doucet et al., 2014; Matsyuk et al., 1998).

Furthermore, the results of this study also offer critical information on partitioning of OH between garnet and 
olivine, two major constituents in the deep upper mantle. The 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 estimated with Equation 2 for the FeO 

range of mantle garnets (Figure 13a) is from 1.5 to 2.5 (Figure 13b), such that the capacity of garnet to structur-
ally accommodate OH is 50–150% greater at reduced (IW) than at oxidized (NNO) conditions. By contrast, the 
OH solubility in olivine is greater under more oxidized conditions (Figure 11). At comparable conditions in the 
mantle, for example, 50–250 km depth range, the 𝐴𝐴 𝐴𝐴

IW

OH
∕𝐶𝐶NNO

OH
 ratio is ∼50% smaller at IW than at NNO in olivine 

(Yang, 2016), but is 50–150% greater in garnet (Figure 13). Hence, the partition coefficient of OH between garnet 
and olivine is fO2-dependent. It is smaller in more oxidized mantle and greater in more reduced mantle, and thus 
is unlikely to be constant in the upper mantle. This explains, at least partly, the highly variable OH partition 

Figure 13.  FeO content of mantle garnets and variations of 𝐴𝐴 𝐴𝐴
IW

OH
∕𝐶𝐶NNO

OH
 , mineral volume and redox state. FeO contents in (a) are from reported data of garnets in 

peridotite xenoliths, thick curve in (b) is plotted with Equation 2, modal mineral composition in (c) is after Frost (2008), and redox trend in (d) shows the fO2 change 
after Frost and McCammon (2008), Rohrbach and Schmidt (2011), and Stagno et al. (2013). The significant range of garnet FeO content with depth contrasts sharply 
to the very limited (relative) variation of SiO2 and MgO (Appendix), favoring the application of the experimental results to the mantle (see text). Data sources of garnet 
peridotites: Udachnaya, Russia (Doucet et al., 2013; Ionov et al., 2010; Yaxley et al., 2012); Vitim, Russia (Ionov et al., 2005); Kaapvaal, S. Africa (Boyd et al., 1993; 
Canil & O’Neill, 1996); Lashaine, Tanzania (Henjes-kunst & Alterr, 1992; Rudnick, 1994); Labait, Tanzania (Lee & Rudnick, 1999); Slave, Canada (Kopylova 
et al., 1999); Louwrensia, Namibia (Boyd et al., 2004); Yuzhnoe, Antarctic (Foley et al., 2006); Colorado, America (Li et al., 2008; Smith et al., 1991); Sarfartoq, 
Greenland (Bizzarro & Stevenson, 2003); Shanwang, China (Zheng et al., 2006); Xinchang, China (Liu et al., 2012).
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coefficients between garnet and olivine in Udachnaya peridotites, from 0.01 to 0.2, assuming the preservation of 
initial water contents in the minerals (Doucet et al., 2014).

Data Availability Statement
The authors comply with FAIR Data guidelines, and the data are available in the general repository, Zenodo 
(https://doi.org/10.5281/zenodo.6360671).
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